It is widely known that a stressed animal releases specific pheromones, possibly for alarming nearby conspecifics. We previously investigated an alarm pheromone in male rats and found that this alarm pheromone evokes several responses, including increases in the defensive and risk assessment behaviors in a modified open-field test, and enhancement of the acoustic startle reflex. However, the role of the vomeronasal organ in these pheromone effects remains unclear. To clarify this point, vomeronasal organ-excising or sham surgeries were performed in male rats for use in 2 experimental models, after which they were exposed to alarm pheromone. We found that the vomeronasal organ-excising surgery blocked the effects of this alarm pheromone in both the modified open-field test and acoustic startle reflex test. In addition, the results of habituation/ dishabituation test and soybean agglutinin binding to the accessory olfactory bulb suggested that the vomeronasal organexcising surgery completely ablated the vomeronasal organ while preserving the functioning of the main olfactory system. From the above results, we showed that the vomeronasal organ plays an important role in alarm pheromone effects in the modified open-field test and acoustic startle reflex test.
Introduction
Olfactory communication plays important roles in various social interactions among mammals, including sexual (Haga et al. 2010) , territorial (Nakamura et al. 2007) , and maternal behaviors (Schaal et al. 2003) . Such olfactory signals are detected mostly by the main olfactory system (MOS) and vomeronasal system (VNS). In the MOS, chemical information is detected at the main olfactory epithelium (MOE) located in the dorsal aspect of the nasal cavity and is transmitted to the main olfactory bulb (MOB) (Mombaerts et al. 1996) . In contrast, in the VNS, chemicals are detected at the vomeronasal epithelium (VNE) within the vomeronasal organ (VNO), which is a tubular structure observed on both sides of the nasal septum and is present within a hard bony and cartilaginous capsule that lies at the base of the nasal septum (Wysocki 1979 ). The detected information is then transmitted to the accessory olfactory bulb (AOB). Previously, it was believed that low-volatile molecules are transferred to the VNE when the animals' nares are directly in contact with a stimulus, whereas volatile molecules are detected at the MOE (Wysocki et al. 1980) . However, recent studies comparing the functions of these 2 olfactory systems show that the VNE and MOE can also detect volatile and low-volatile molecules, respectively (Xu et al. 2005; Spehr et al. 2006) . It has also been revealed that the same molecule can induce distinct responses through each olfactory system (Leinders-Zufall et al. 2004; Spehr et al. 2006) . Therefore, extrapolating the role of the MOS or VNS in a specific response based on either the volatility of the olfactory signal or the other responses induced by the olfactory signal has become impractical.
It is widely known that stressed animals release specific odors, possibly to warn or alarm nearby conspecifics. Some of these odors can be called alarm pheromones based on the definition "substances which are secreted to the outside by an individual and received by a second individual of the same species, in which they release a specific reaction, for example, a definite behaviour or a developmental process" proposed by Karlson and Luscher (1959) . We investigated an alarm pheromone in male rats and found that rats show an enhanced rise in body temperature when placed in a box in which previously 2 other pheromone-donor male rats had received foot shocks (Kikusui et al. 2001) . This phenomenon suggests that the pheromone-donor rats released an alarm pheromone when they received foot shocks. Subsequently, we found that alarm pheromone was released from perianal region of the pheromone-donor rats (Kiyokawa et al. 2004a) . After establishing a method to trap the pheromone into a water sample (Kiyokawa et al. 2005) , we assessed the effects of pheromone exposure on male rats in a variety of experimental models by placing filter papers soaked with pheromone-containing water within range, such that the rats could make direct contact with their nose. From these studies, we found that the presence of an alarm pheromone resulted in an increase in body temperature in response to homecage movement (Kiyokawa et al. 2005) , as well as increased defensive and risk assessment behaviors in a modified openfield test (Kiyokawa et al. 2006 ) and enhanced acoustic startle reflex (ASR) (Inagaki et al. 2008) . We further found that the rats showed the enhanced ASR even if they did not directly contact the filter paper soaked with alarm pheromone (Inagaki et al. 2009 ). Among these responses, the increase in body temperature was mediated by the VNS because removal of the VNO blocked the effect of the pheromone (Kiyokawa et al. 2007 ). However, the role of the VNS in the pheromone effects of increased defensive and risk assessment behaviors and enhanced ASR remains unclear.
To clarify this point, we assessed the role of the VNO in the pheromone effects on the behavioral responses in the modified open-field test and on the enhancement of ASR. Vomeronasal organ-excising (VNX) or sham surgeries were performed in male rats for use in these 2 experimental models, after which they were exposed to alarm pheromone.
Materials and methods

Animals
All experiments were approved by the Animal Care and Use Committee of the Faculty of Agriculture of The University of Tokyo and were based on guidelines adapted from the Consensus Recommendations on Effective Institutional Animal Care and Use Committees by the Scientists Center for Animal Welfare.
Experimentally naive male Wistar rats (aged 7 weeks for the ASR test and 8 weeks for the modified open-field test) were purchased from Clea Japan (Tokyo, Japan). The animals were housed in groups of 2-3 animals per cage (28 × 44 × 18 cm) in an ambient temperature of 24 ± 1 °C and a humidity of 45 ± 5% in a controlled colony room with food and water available ad libitum. The animals were maintained under a 12-h light/12-h dark cycle (lights switched on at 08:00).
The VNX surgery
The rats underwent VNX or sham surgery as described in our previous study (Kiyokawa et al. 2007 ). Briefly, the rat was placed in a head holder under anesthesia with sodium pentobarbital (Somnopentyl; Schering-Plough Animal Health), and its mouth was opened. After making a midline incision in the palate from the incisor and retracting the tissue to access the VNO, the wound was closed for the sham surgery. For the VNX surgery, the rostral end of the VNO was exposed by drilling the incisive bone, and the caudal end of the vomer bone was cut. Then, the VNO was removed bilaterally, using forceps. Bleeding was controlled using cotton swabs and then the wound was closed. Postoperatively, the rats were housed individually in standard polycarbonate rat cages in a colony room.
Alarm pheromone preparation
In this study, we used an alarm pheromone sample that was routinely produced in our laboratory after establishing the method (Kiyokawa et al. 2005) . Briefly, we anesthetized an adult male Wistar rat (age, 12-16 weeks) as a pheromone donor (total n = 77) and attached 2 intradermal needles (27 G) at either the neck or the perianal region for electrical stimulation through these needles. After spraying purified water (5 mL) on the ceiling of an acrylic box (20 × 20 × 10 cm), we placed the anesthetized donor rat in the box and gave 15 electrical stimuli (10 V for 1 s) over 5 min at 20-s intervals through the needles. Care was taken that water droplets did not fall from the ceiling and that the donor was kept under anesthesia during the stimulations. The electrical stimulation of the perianal region induced the release of alarm pheromone, whereas stimulation of the neck region was conducted to provide a similar amount of control olfactory stimuli in the box. After being stimulated in this manner, the donor was removed, and the water droplets on the ceiling of the box that contained alarm pheromone or control neck odor were collected and used as pheromone and control samples, respectively. The samples were stored at 4 °C for a few hours until use or at −20 °C if used on the next day. The pheromone donors were used 2-3 times, with at least 2 weeks between uses.
The modified open-field test
One day after recovery from the VNX surgery, the rats were pair housed for 7-10 days. Then, we conducted the modified open-field test as performed in our previous study (Kiyokawa et al. 2006 ) between the hours of 1300 and 1600 in an illuminated experimental room controlled at an ambient temperature of 24 ± 1 °C and 45 ± 5% humidity. We attached 2 pieces of filter paper (5 × 5 cm), each soaked with 650 µL of either pheromone or a control sample, in 1 corner (7 cm high) of a plastic open field (64.3 × 44.7 × 23 cm). We then placed a rat in the center of the arena and left it there for 5 min for acclimation. During this time, we confirmed that all the rats made contact with and sniffed the filter papers. After acclimation, we placed a small polycarbonate box (17.5 × 24.5 × 12.5 cm), called the hiding box, in the corner opposite to the samples. The behavior of the rat during the subsequent 10 min was video recorded using a camera (DCR-HC40, Sony). The hiding box had a small round hole (diameter, 7.5 cm) in the center of a wall that allowed just enough space for the rat to enter. The rats had been habituated to the hiding box in their home cage for approximately 20 h on the day before the test. Further, they were assigned to one of the following 4 groups according to the surgery and sample: Sham Control (n = 11), Sham Pheromone (n = 12), VNX Control (n = 10), and VNX Pheromone (n = 10). The rats that were kept in the same home cage were assigned to the same treatment group to avoid contamination of the water sample via the hiding box. The hiding box was used for the 2 rats kept in the same cage and was cleaned with a paper towel before and between experiments if the rats urinated or defecated in the box.
The ASR test
Eight days after the VNX surgery, we conducted the ASR test as performed in our previous studies, by using the startle apparatus and software (Startle Reflex System 2004; O'Hara & Co.) , between 1100 and 1600 hours (Inagaki et al. 2008 (Inagaki et al. , 2009 (Inagaki et al. , 2010 (Inagaki et al. , 2012 , in the same illuminated experimental room used to conduct the modified open-field test. Three and 2 days before the test day, each rat was handled for 5 min and was acclimatized to an animal holder for 5 min in the illuminated experimental room. The holder consisted of an acrylic cylinder (length: 200 mm; diameter: 56 mm), an acrylic plate with 42 perforations (diameter: 2 mm) as the front stopper, an acrylic plate as the rear stopper, and an acrylic bottom plate to support the cylinder. During the acclimation, the rat was kept inside the cylinder by inserting front and rear stoppers into the slits on the cylinder. One day before the test day, the rats were acclimatized to the entire ASR test procedures. In the illuminated experimental room, each rat was placed inside the animal holder, and the holder was attached to the platform in the dark soundproof chamber (480 × 350 × 370 mm) with background noise (60 dB). Then, the ASR test consisting of a baseline trial, sample presentation, and a test trial was initiated. During the baseline trial, the rat was exposed to the 30 auditory stimuli (105 dB, 100 ms, white noise) at an interstimulus interval of 30 s after an initial 5-min acclimation period. The sample presentation took place immediately after the baseline trial. We open a door of the soundproof chamber and insert a folded filter paper (50 × 50 mm) into a slit on the cylinder so that the filter paper was placed 10 mm away from the rat's nose. The perforated front stopper enabled the rat to perceive the volatile odor of the samples. Because this is the acclimation procedure for the ASR test, purified water (750 μL) was used as a sample. Then, we closed the door and conducted the test trial in the same manner as the baseline trial.
On the test day, the rats underwent the ASR test with the exception that either pheromone or control sample (750 μL) was dropped on the filter paper during the sample presentation. The rats were assigned to one of the following 4 groups according to the surgery and sample: Sham Control (n = 8), Sham Pheromone (n = 9), VNX Control (n = 9), and VNX Pheromone (n = 8). During the trials, the movements of the rats within the holder resulted in displacement of an accelerometer affixed to the bottom of the platform. The voltage output of the accelerometer was digitized and recorded. The startle amplitude was defined as the maximal peak-to-peak voltage that occurred during the first 200 ms after the onset of the startle-eliciting auditory stimulus.
Verification of the VNX surgery
In order to assess whether the VNX surgery preserved the function of the MOS, the habituation/dishabituation test was conducted in the colony room 1 day after the modified open-field test or ASR test as performed in our previous studies . A water bottle on a stainless steel cage top was removed and each rat was transported in its home cage to another shelf in the colony room. After a 30-s acclimation period, purified water was presented by pipetting 100 μL onto one-half of a folded filter paper (5 × 5 cm) attached to the edge of the ceiling such that the rat was unable to make physical contact with the filter paper and only volatile odors from the stimulus were available at body level. After 3 consecutive 2-min presentations of purified water, a 5% cocoa solution was presented for 2 min, at 30-s intervals. The behavior of the rat was video recorded (DCR-SR300; Sony) for later analysis.
To verify the complete removal of the VNO, we observed the glomerular layer of the AOB, which is known to disappear following a successful lesion (Wysocki and Wysocki 1995) . After the habituation/dishabituation test, the rats were kept at 2-4 animals per cage for about 3 weeks because at least 30 days are required for the disappearance of the AOB glomerular layer after the disturbance of the input from the VNO in rats (Matsuoka et al. 2002; Kiyokawa et al. 2007) . Each rat was then deeply anesthetized with sodium pentobarbital (Somnopentyl; Schering-Plough Animal Health) and perfused intracardially with 0.9% saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer. The brain was removed, immersed in the same fixative overnight, and then placed in 30% sucrose/ phosphate buffer for cryoprotection. The olfactory bulb on both sides was cut into 30-μm-thick sagittal sections and all the sections containing the AOB were mounted on glass slides. After being washed in phosphate-buffered saline (PBS) for 10 min, the sections were incubated with soybean agglutinin-fluorescein isothiocyanate conjugate (20 μg/mL; Vector Laboratories) in PBS for 20 min and rinsed with PBS for 10 min. A coverslip was then placed over the section and observed under a fluorescence microscope (BX51; Olympus) equipped with a digital camera (DP30BW; Olympus) 
Data analyses
The data are expressed as mean ± standard error of the mean, and significance was set at P < 0.05 for all statistical tests. All the analyses were in accordance with our previous studies.
A researcher who was blind to the experimental conditions analyzed the behavior in the modified open-field test with Microsoft Excel-based Visual Basic software that records the duration and number of pressing keys. The durations of outside, head out, conceal, near the stimuli, rearing, and grooming behaviors were recorded during the 10-min experimental period (Kiyokawa et al. 2006) . Outside was defined as the time the rats spent outside the hiding box, head out was defined as the rat poking its head or head and shoulders out of the hiding box entrance with their hind paws remaining inside the box, conceal was defined as the rat being entirely inside the hiding box, and near the stimuli was defined as the rat spending time within the 10-cm square near the corner where the stimuli were applied. The durations of rearing and grooming were analyzed when these behaviors were observed in the open arena, and these behaviors have been previously defined in detail (Kiyokawa et al, 2004b) . Near the stimuli, rearing, and grooming were expressed as the ratio to outside (%) for each animal, and all behavioral responses were analyzed statistically using MANOVA followed by Fisher's PLSD post hoc test.
In the ASR test, the baseline data were defined as the mean amplitude of the last 20 responses to each stimulus during the baseline trial. The test data were defined as the mean amplitude of all 30 responses during the test trial. We individually calculated the difference in amplitude between the test data (T) and the baseline data (B) as T − B. The baseline data and the differences in amplitude were statistically analyzed using a Student's t-test Davis 1997, 2002; Schulz et al. 2002) .
The duration of the investigation time for each odor stimulus was recorded in the habituation/dishabituation test using the same software. The investigation time was defined as the time that the rat spent sniffing toward the stimulus, poking its nose into the ceiling. The comparison of investigation time between the third water presentation and the cocoa solution was analyzed using Wilcoxon's signed-rank test.
Results
The modified open-field test
In the modified open-field test, all the rats entered the hiding box without hesitation and escaped into the box when the experimenter removed a rat from the arena, indicating that the hiding box served as a safe area for the rats. When the rats underwent the sham surgery, the presence of pheromone significantly affected the behavioral pattern during the test (F(3, 19) = 4.09, P < 0.05). A post hoc test revealed that rats in the Sham Pheromone group decreased the duration of outside (P < 0.01) and increased the duration of head out (P < 0.01) and conceal (P < 0.05) compared with those in the Sham Control group (Figure 1) . The pheromone did not affect the behaviors of the rats when they were outside the hiding box (Table 1) .
On the other hand, the presence of the pheromone did not affect the behavioral pattern, including behaviors outside the hiding box, of the rats that underwent the VNX surgery ( Figure 1 and Table 1 ). Figure 1 The duration of outside, head out, and conceal of the rats in the modified open-field test. The rats that had undergone VNX or sham (Sham) surgeries were presented either an alarm pheromone (Pheromone) or control (Control) sample during the test. *P < 0.05 with MANOVA followed by Fisher's PLSD post hoc test. The ASR test
In the ASR test, the difference in amplitude of the Sham Pheromone group was higher than that of the Sham Control group (t = −2.40, P < 0.05) although there was no significant difference in the baseline data (Figure 2, top) . In contrast, the VNX Pheromone group and the VNX Control group had no difference in either the baseline data or the difference in amplitude (Figure 2, bottom) .
Verification of the VNX surgery
In the habituation/dishabituation test, the Sham Pheromone and Sham Control groups and the VNX Pheromone and VNX Control groups were pooled to form the Sham group and the VNX group, respectively, because the aim of this test was to assess whether the VNX surgery affected the function of the MOS. The investigation time of the rats in the Sham group decreased over the 3 consecutive presentations of purified water and increased with the subsequent presentation of cocoa solution (Z = −4.31, P < 0.01) ( Figure 3A ). This behavioral pattern appeared not to be affected by the VNX surgery because the rats in the VNX group also showed increased investigation time when the cocoa solution was presented compared with the third water presentation (Z = −4.57, P < 0.01) ( Figure 3A ). When we observed the AOB of these rats following testing to confirm the success of the VNX lesion, the glomerular layer was present in all rats in the Sham group, whereas this structure was absent in all rats in the VNX group ( Figure 3B ).
Discussion
In the present study, we assessed the role of the VNO in the effects of alarm pheromone on the modified open-field test and ASR test. Consistent with previous studies (Kiyokawa et al. 2006; Inagaki et al. 2008) , alarm pheromone increased the duration of head out and conceal while decreasing the duration of outside in the modified open-field test and Figure 2 Baseline data, test data, and differences between the baseline and test data (Difference) of the rats in the acoustic startle reflex test. The rats that had undergone VNX or sham (Sham) surgeries were presented either alarm pheromone (Pheromone) or control (Control) samples between the baseline and test trial. *P < 0.05 versus difference in the Sham Control group with Student's t-test. enhanced the ASR. In addition, we found that the VNX surgery blocked these effects. Furthermore, the results of the habituation/dishabituation test and observation of the AOB suggest that the VNX surgery successfully removed the VNO while preserving the function of the MOS. All of these results suggest that the VNO plays an important role in alarm pheromone effects in the modified open-field test and ASR test. When these data were considered along with findings from our previous study (Kiyokawa et al. 2007 ), we concluded that alarm pheromone is detected by the VNO. We found that the removal of the VNO blocked the behavioral changes elicited by presentation of alarm pheromone in the modified open-field test, including increased conceal and head out and decreased outside behaviors, suggesting that the effects of alarm pheromone assessed in the modified open-field test are mediated by the VNO. It is known that cat fur odor also increases conceal and head out behaviors in the modified open-field test ) and appears to be perceived by the VNO (McGregor et al. 2004) . However, there is an important difference between alarm pheromone and cat fur odor in whether the substance is repellant. Alarm pheromone did not affect the duration of near the stimuli in this and previous studies (Kiyokawa et al. 2006) , whereas rats clearly avoided cat fur odor McGregor et al. 2004) . One possible reason might be that the olfactory signal transmits specific information about the identity of the chemical signal or odor. Because the presence of cat fur odor informs the rat of a nearby presence of cats, the appropriate response might be to avoid the odor source. Such signal-specific reactions have been observed in several species (Sherman 1985; Manser et al. 2001; Kiriazis and Slobodchikoff 2006) . For example, vervet monkeys differentiate alarm calls informing the presence of a leopard, eagle, and snake and showed specific reactions to each call type (Seyfarth et al. 1980) . In contrast, the presence of alarm pheromone might not indicate what type of danger is present. Therefore, the rats might increase their anxiety level (Kiyokawa et al. 2006; Inagaki et al. 2008 Inagaki et al. , 2010 Kobayashi et al. 2011) to quickly react to an upcoming, but undefined, potentially dangerous situation, rather than simply avoiding the source of the pheromone. Further research is required to clarify this point.
In the present and previous (Kiyokawa et al. 2007 ) studies, we did not find any evidence of failure in the VNX surgery, though the literature indicates that the surgery fails to remove the entire VNO at a rate of 10-20% (Wysocki and Wysocki 1995) . One possible reason for this discrepancy might be that we cut the palate from the incisor, whereas the method described in the literature cuts the palate from the nasopalatine duct. The more rostral opening formed by our procedure would enable us to remove the entire VNO more easily. Another possible reason might be that we observed the glomerular layer of the AOB approximately 30 days after the surgery, whereas the method in the literature reports that the AOB was observed approximately 21 days after the VNX surgery. Based on our preliminary observations, and a previous study (Matsuoka et al. 2002) , the glomerular layer begins to decrease 20 days after damage to the vomeronasal nerve and disappears 30 days after the damage. Therefore, it is possible that at the 21-day time point after the VNX surgery, the glomerular layer of the AOB would still remain even if the surgery successfully removed the VNO.
Although we have shown that an alarm pheromone is detected by the VNS, we cannot definitively rule out a possible role of the MOS. For example, it is possible that this alarm pheromone is composed of several molecules and that the rats need to simultaneously detect some molecules by the VNS and others by the MOS in order to respond to this pheromone. Therefore, to rule out this possibility, it is crucial to assess the role of the MOS in alarm pheromone effects in a future study.
Recently, Brechbuhl et al. (2008 Brechbuhl et al. ( , 2013 reported that mice perceived the alarm pheromone molecule 2-sec-butyl-4,5-dihydrothiazole (SBT) by the Grueneberg ganglion (GG). However, there are key differences between the methods and findings of their study and ours, which make it unlikely that the GG also plays an important role in the perception of our alarm pheromone. First, we collected alarm pheromone from stressed live animals, whereas their alarm pheromone was identified from odor collected for 30 min from the chamber in which the mice were sacrificed by CO 2 . Because the decay process begins approximately 4 min after death and leads to the release of volatiles related to the decay process (Vass 2001; Dekeirsschieter et al. 2012) , the main components of the collected odor appear to be those from carcasses in their studies. Furthermore, it was not determined whether the odor released from stressed live mice had the same pheromone effects in their study, even if SBT is released by the stressed live animals. Second, when presented with alarm pheromone in our studies, the animals do not simply avoid it; however, their alarm pheromone induces a clear avoidance response. Because it is known in the literature that mammals rarely show a stereotyped avoidance response to alarm pheromones (Zalaquett and Thiessen 1991; Vieuille-Thomas and Signoret 1992; Boissy et al. 1998) , their pheromone appears to transmit a distinct information that results in an atypical response of mice to an alarm pheromone, in contrast to the more commonly observed response exhibited by the rats in our study. Taken together, our alarm pheromone appears to be different from their alarm pheromone. Furthermore, although we cannot completely rule out the possibility, it seems unlikely that the present results reflect damage to the GG or its projections to the MOB that occurred during the VNX surgery. The GG is rostral to the incisor and dorsal to the nasal cavity (Bojsen-Moller 1975) . Therefore, it is unlikely our surgery damaged the GG or its associated projections because we approached the VNO from a direction that was caudal to the incisor and ventral to the nasal cavity. Further investigations on alarm pheromones and the GG are needed to clarify these points.
In summary, we found that the removal of the VNO blocked alarm pheromone effects, both in the ASR test and modified open-field test, although the surgery preserved the functioning of the MOS. In collaboration with a previous study, these results suggest that alarm pheromone is detected by the VNO in male rats. Future studies tracking alarm pheromone signal transduction pathway from the VNO would clarify the neural mechanism of alarm pheromone effects.
